Novel substituted series of aromatic copolymers was obtained by one-spot, metal-free super acid-catalyzed one-step polymerization of substituted isatin and phenothiazine. The polymerization reaction was performed at room temperature in the presence of Bronsted superacid (trifluoromethanesulfonic acid) and methylene chloride which condenses the compounds consists of carbonyl group (aldehydes and ketones) and aromatic rings to yield the polymers. Super acid catalyst has several advantages including the reaction proceeding at room temperature and great synthetic versatility. The obtained polymers have good solubility in common organic solvents. The polymers were purified by repeated precipitations with methanol. Polymers (P1-P3) were completely characterized by FT-IR, 1 H NMR, TGA, and UV-visible, fluorescence and cyclic voltammetry techniques. Polymers (P1-P3) possessed excellent thermal stability up to 300 °C and have absorbance and emission maximum at 557 and 630 nm, respectively. The optical and electrochemical properties of these polymers revealed that it could be one of the capable materials for applications in optoelectronic device and in the area of proton exchange membrane fuel cell.
Introduction
The development and establishment of various polymerization methods had their own merits and demerits in synthesizing polymers using different monomers and conditions. Synthesis of polymers for a particular application may go for selective polymerization method. For instance, Suzuki/ Stille polycondensation technique is mostly chosen for optoelectronic device applications [1, 2] . Polymerization of monomers using different methodologies such as free radical polymerization [3] , cationic polymerization [4] , anionic polymerization [5] , nitroxide-mediated polymerization (NMP) [6] , and atom transfer radical polymerization (ATRP) [7] was extensively studied and many review articles are well documented in that arena [8] [9] [10] [11] [12] . In this context, we have also reported ultrasound and phase transfer-catalyzed polymerization of different alkyl methacrylate monomers [13] [14] [15] [16] [17] . These polymerization methods had advantages and disadvantages in their regime. Among the various polymerization techniques, the super acid-catalyzed polymerization method is an efficient and facile route to polymerize the compounds with carbonyl group and aromatic rings, the resulted polymers used for various applications [18] .
Super acid-catalyzed (Friedel-Crafts aromatic electrophilic substitution reaction) reaction has gaining remarkable interest in recent past [19] [20] [21] [22] [23] [24] because of their myriad advantages associated with eco-friendliness. Super acidcatalyzed reactions have the following advantages: the reaction proceeds at room temperature, structural selection and easy availability of monomers, high yields and selectivity, short duration of reaction, more versatility in polymer architectures, easy purification, possessing good physical, chemical, and thermal properties of the synthesized polymers, and high molecular weights, etc. [25] [26] [27] . The perception and explanation of super acid-catalyzed reactions were made by Olah in 1970 [28] [29] [30] . Consequently, several reactions have been performed using super acids [mostly trifluoromethanesulfonic acid (TFSA)] and open up a new avenue in chemistry. The dramatic use of super acid catalyst in hydroxyalkylation reactions [29] , polyhydroxyalkylation 1 3 [20] , and synthesis of hyper-branched polymers [19, 38] was progressively reported.
Phenothiazine and isatin are prolific heterocyclic compounds with inherent electron donor and acceptor nature. Polymer based on phenothiazine core moieties has been progressively investigated in light-emitting diodes [31, 32] , photovoltaic devices [33] , and chemiluminescence, etc. [34, 35] . Indoline-2,3-dione derivative is one of the attractive electron-deficient moieties and was used to make influential donor/acceptor copolymers for obtaining high performance in organic electronic devices [36, 37] . This may be due to unique features of indole moieties having low-lying frontier orbital energy levels, strongly absorbing in the visible region.
The goal of the present investigation is the synthesis of series of polymers by the reaction of phenothiazine with substituted isatin using super acid catalyst as shown in Scheme 1. The structure and properties of the obtained polymers (P1-P3) were analyzed using spectral and other techniques. The polymerization reaction mechanism and general properties such as solubility, thermal stability, optical and electrochemical behaviors were discussed in detail.
Experimental

Materials
Phenothiazine (M1, 98%), isatin (M2, 97%), 5-fluroisatin (M3, 98%), 5-bromoisatin (95%) and trifluromethanesulfonic acid (TFSA, 98%) were purchased from SigmaAldrich, India. The common solvents such as methanol, ethanol, dichloromethane, DMSO, THF, NMP, Dioxane, cyclohexanone, DMA and DMF (obtained from SigmaAldrich, Avra, Acros, India) were also used with or without further purification.
Materials' characterization
The FT-IR spectrum of polymers was recorded with FT-IR spectrometer (JASCO) in the spectral region from 4000 to 500 cm −1 . 1 HNMR spectra were recorded at Bruker 400 MHz using d-DMSO solvent and TMS as reference. The thermal analyses of polymers were carried out using Inkarp instrument. The sample weight of 3.5310 mg was loaded in alumina pans and ramped at a heating rate 10 °C per minutes from ambient to 800 °C at nitrogen atmosphere. UV-vis absorption spectra were obtained by a Perkin Elmer Lambda 25 UV/vis spectrometer. For the measurements of thin films, the polymer was drop casted at 90 °C onto precleaned glass substrate from 10 mg/mL polymer solution in DMSO and dried slowly in a Petri dish for 3 h. Gel permeation chromatography (GPC) was performed in THF (HPLC grade, stabilized) at room temperature. GPC analyses were run on an Agilent Technologies system min using a pump and PSS columns (Polymer Standards Service, Germany). The inherent viscosity or intrinsic viscosity of the polymers was determined using a viscometer with NMP as a solvent. The viscosity of pure solvent and polymer solution (polymer dissolved in a solvent) is related to each other, which leads to a relative viscosity value. From this parameter, we can calculate different parameters such as specific viscosity, reduced viscosity and intrinsic viscosity [39] . The values of inherent or intrinsic viscosity of the polymers are presented in Table 1 . Cyclic voltammetry measurements were carried out using a CH instrument with standard three-electrode configuration. Typically, a three-electrode cell equipped with a platinum working electrode, an Ag/AgNO 3 (0.01 M in acetonitrile) reference electrode, and a Pt wire counter electrode were employed. The measurements were performed using anhydrous acetonitrile in tetrabutylammonium hexafluorophosphate (0.1 M) as the supporting electrolyte under nitrogen atmosphere at a scan rate of 100 mV/s. Polymers' films were drop casted onto platinum working electrode from a 3 mg/mL in chloroform solution and dried under nitrogen stream prior to measurements. The potential of Ag/AgNO 3 reference electrode was internally calibrated using the ferrocene/ferrocenium redox couple (Fc/Fc). The electrochemical onsets were determined at the position where the current starts to change from the baseline. The HOMO and LUMO in electron volts were calculated from the onset of the oxidation potential (E ox ) and onset of the reduction potential (E red ) according to the following equation:
Results and discussion
The synthesis of targeted polymers (P1, P2 and P3) using phenothiazine and modified isatin in the presence of super acid catalyst is shown in Scheme 1. The structural, thermal, optical and electrochemical behaviors of obtained polymers were analyzed by different techniques. The monomer, 5-bromohexylisatin (M4), was synthesized by adopting the reported procedure [18, 21, 37, 38] . The detailed polymerization procedures and its characterization were discussed below.
Synthesis of poly 3-(10H-phenothiazin-3-yl) indolin-2-one (P1)
The mixture of phenothiazine (0.1990 g, 0.10 mmol) and isatin (0.1470 g, 0.10 mmol) and dichloromethane (5 mL) was taken in 100 mL two-necked round bottomed flask equipped with mechanical stirrers and ice bath. TFSA (0.5 mL) was added to the reaction mixture and the temperature was maintained around at 27° C and the reaction continued at this temperature until a reaction medium became more viscous in about 2 h. The dark-purple viscous solution was poured slowly into methanol and dark-purple precipitate was obtained. Then, the precipitate was filtered, washed, and re-precipitated with methanol and water. After that, the polymer was dried in vacuum oven at 80 °C for 12 h and purple powder was obtained; yield: 0.3050 g, 88%. The inherent viscosity (η inh ) of the 0.2% solution of the polymer in NMP was found to be 0.65 dL/g. -3-(10H-phenothiazin-3-yl) indolin-2-one) (P2) TFSA (0.5 mL) was added to ice-cooled mixtures of phenothiazine (0.1990 g, 0.10 mmol), 5-fluroisatin (0.16,510 g, 0.10 mmol) and dichloromethane (5 mL) in a 100 mL twoneck round bottomed flask equipped with mechanical stirrer. After addition, ice bath was removed. After that the temperature gradually increased to 27 °C and the reaction continued under stirring at this temperature until a reaction medium became highly viscous in about 2 h. The obtained dark-purpled mixture was slowly poured into methanol. The precipitate of polymer was filtered, washed and re-precipitated with methanol and water. The dark-purple solution was poured into methanol then filtered and washed with hot methanol. The polymer was dried overnight in a vacuum oven at 80 °C. After drying, dark-purple powder was obtained; (Fig. 1) . (5-bromo-1-hexyl-3-(10H-phenothiazin-3-yl) indolin-2-one) (P3)
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The mixtures of phenothiazine (0.1990 g, 0.10 mmol), 5-bromo-1-hexylindoline-2,3-dione (0.3101 g, 0.10 mmol) and dichloromethane (5 mL) were taken in 100 mL twonecked round bottomed flask placed in mechanical stirrer and ice bath. TFSA (5 mL) was added slowly to the ice-cooled reaction mixture. After addition, ice bath was removed. Then, the temperature gradually increased to 27 °C and the reaction continued under stirring at this temperature until a reaction medium became highly viscous in about 2 h. The highly viscous dark-purple solution was slowly poured into methanol. The precipitate, dark-purple polymer, was filtered and washed with methanol and water. After that, the polymer was dried in vacuum at 80 °C for 24 h to obtain polymer as in purple powder; yield: 0.428 g, 84%. The inherent viscosity (η inh ) of the 0.2% solution of the polymer in NMP was found to be 0.45 dL/g. The chemical structure of P3 was confirmed by 1 HNMR in Fig. 2c . The peak of aromatic ring of isatin and phenothiazine is appeared at 6.0-8.0 ppm and the peak of N-H proton appeared at 9.0-9.5 ppm. The alkyl group in the isatin was appeared at 0.80-2.0 ppm and the N-CH 2 protons located at 3.5-4.0 ppm. All the protons are well positioned and it was labeled clearly in the spectra. FT-IR (cm −1 ): 3319 (N-H bending), 3062 (C-H stretching), 2926 (CH 2 stretching), 1705 (C=O stretching), 1472 (C=C stretching), 535 (C-Br stretching) (Fig. 1) .
Solubility, molecular weights and thermal properties
There is always a good challenging interest in the synthesis of polymers with fair solubility in common solvents. The solubility is the key parameter in polymerization, purification, characterization and processability (via solution route) and also polymers should be free from defects and impurity which favors the formation of good films. Generally, conjugated polymers are poorly soluble in common organic solvents due their inherent chemical structure. The solubility and processability of polymers were effectively improved by tuning their chemical structure with introduction of solubilizing side substituents (like alkyl group or other functional substituents) in the core moiety. The solubilities of polymers (P1-P3) were tested using different solvents and the results of relative solubilities of polymers are summarized in Table 2 . In general, all polymers were soluble in polar aprotic organic solvents such as DMF, DMSO, NMP, THF and DMA. P3 is easily soluble in solvents on comparison 3 ▼ ▼ ▲ DMF ▲ ▲ ▲ NMP ▲ ▲ ▲ DMA ▲ ▲ ▲ DMSO ▲ ▲ ▲ Dioxane ▲ ◄ ▼ THF ▲ ▲ ▲ Cyclohexanone ▲ ► ► with P1 and P2. This is because P3 has hexyl chain in isatin core.
The thermal properties of polymers were explored with the help of thermogravimetric curves as shown in Fig. 3 and the corresponding data are listed in Table 3 . The polymers showed no weight loss at low temperature, but exhibited weight loss approximately 10% at 348, 305 and 276 °C for P1, P2 and P3, respectively. Hence, it can be concluded that the three polymers possess good thermal stability under nitrogen atmosphere which is more desirable for application in optoelectronic devices and it may be helpful to avoid device degradation during the long-term operation.
Molecular weight is one of the vital characteristics of polymers and the properties of polymers are significantly dependent on their molecular weight. The optoelectronic properties and device performances were much influenced by degree of polymerization (molecular weight value) and purity. The molecular weights [number average molecular weight (M n ) and weight average molecular weights (M w )] and polydispersity of polymers are considered to be a fundamental core to investigate property of polymers for various applications [40] . The weight average molecular weight (M w ) and number average molecular weight (M n ) with the polydispersity index (PDI = M w /M n ) of polymers (P1-P3) are listed in Table 3 and GPC curve is shown in Fig. 4 . The molecular weight of the polymers (P1-P3) was in the range of 28,000 to 33,000 and the number of repeating units (degree of polymerization) is from 17 to 62. P1 has high molecular weight compared with P2 and P3 and it may be due to variation in the average number of repeating units. Further, it was found that M w , M n and degree of polymerization were reduced with the addition of alkyl side chain in P3. The possible reason may be because the presence of alkyl chain length (P3) will generate steric hindrance in the polymeric chain and or during polymerization reaction. As suggested by the reviewer, the PDI value of P1 and P3 of peak 2 (from Fig. 4 ) was found to be 1.53 (3775/2456) and 1.54 (3724/2416), respectively.
Optical properties
The optical properties of the polymers (P1-P3) in DMSO solution and thin films were studied using UV-vis nearinfrared (UV-vis NIR) spectroscopy (Fig. 5a-c) . All the polymers exhibited typical donor-acceptor absorption behaviors with two absorption bands corresponding to localized π-π* transition and ICT bands, respectively. The polymers showed red shift (16, 36 and 8 nm) and band broadening occurred when transitioning from the solution to film state, especially for P3, reflecting a relatively stronger aggregation of their backbone chains in the films. This may be due to extended π-c conjugation of phenothiazine and isatin [36] . The absorption and emission data along with their optical band gap are given in Table 4 .
Electrochemical properties
The electrochemical behavior of the polymers was investigated by cyclic voltammetry (CV). Figure 6 shows the cyclic voltagrammograms of three polymers (P1-P3). It exhibits that all the polymers (P1-P3) showed reversible reduction and oxidation trends with stronger oxidative peaks than reduction. The oxidations was observed with an onset potential at about 1.22, 0.60 and 1.24 V, respectively, for P1, P2 and P3 versus standard and the reductions were observed with an onset potential at about − 0.60, − 0.74 and − 0.58 V, respectively, for P1, P2 and P3 versus standard. The HOMO and LUMO levels were estimated to be − 5.62/− 3.80, − 5.00/− 3.66 and − 5.64/− 3.82 eV for P1, P2 and P3. The detailed electrochemical data of all polymers are listed in Table 5 . The slight differences between optical and electrochemical band gaps may be attributed to the interface barrier between polymer film and electrode surface, charge injection and different range of errors. The band gap obtained from electrochemical method should be more significant for optoelectronic device applications [41] .
XRD pattern of polymers
The powder XRD patterns of the polymers were measured over the angular range of 5° to 65° at ambient temperature to understand the polymer morphology. The P1 exhibited crystalline nature with more intense and sharper diffraction peaks with smaller π-π* stacking indicating intermolecular interactions between main backbone chains at the same time that P2 and P3 showed amorphous nature in powder form (Fig. 7) . From that we can assume that the relative degree of crystallinity and film roughness of the polymers may be able to influence the variations in mobility and performance in device.
Mechanism of super acid-catalyzed polycondensations
The acid-catalyzed reaction mechanism was one of the focused subjects of theoretical studies [18, 42, 43] . The reaction step such as complex formation between electrophile, aromatic hydrocarbon, and σ intermediate was well explained. On the basis of reported investigation and the generalized polymerization, mechanism of phenothiazine with modified isatin by super acid catalyst was proposed as shown in Scheme 2. The reaction between carbonyl compounds and aromatic hydrocarbon (hydroxyalkylation) continued as electrophilic aromatic substitutions. The process can be catalyzed by protic or Lewis acids. Depending on the monomer structures and reaction conditions, an alcohol, a diaryl compound or a mixture of these can be obtained [20] . The protonation of carbonyl group occurred in the presence of TFSA leading to the attack at carbonyl carbon (1) by electrophilic aromatic substitution of M1 (3). The formed alcohol was protonated and led to another attack of Ar-H (M1), which is produced by diarylisatin derivatives [43] .
Conclusions
In summary, we reported the synthesis and characterization of a series of linear copolymers of phenothiazine with modified isatin using simple, one-pot, metal-free super acid catalyst. Polymerization was carried out with stoichiometric and direct slow addition of monomers at M) and thin film (10 mg/ml) on quartz substrate room temperature in the presence of Brønsted superacid (TFSA). The obtained polymers were soluble in most common organic solvents, preferably polar aprotic solvents and form smooth films on glass substrate by spin casting. The polymer structures were confirmed by 1 H NMR and FT-IR analyses. The optical, electrochemical properties and molecular weights of polymers were ascertained. The synthesized new functional polymers exhibited good processability, thermal stability and favorable band gap. The resulted polymer materials could be a good candidate for applications in organic electronic device and in proton membrane exchange fuel cell.
Scheme 2 The mechanism of TFSA catalyzed polycondensations of phenothiazine with isatin. Comparison: reports on the synthesis of series of phenylene-based polyelectrolytes and copolymers were obtained using isatin, 2,2ʹ-biphenol and biphenyl in the presence of super acid catalyst and the resulting polymeric materials were used in the fabrication of proton exchange membrane fuel cell (PEMFC) applications [22, 23, 44, 45] . In this background, herein reported polymers (P1-P2) could be suitable materials for PEMFC and organic electronic device applications
